The relationship of Helicobacter felis, a bacterium observed in the stomachs of cats, to gastric disease is unclear. The objective of this study was to determine if H. felis infection alters gastric histopathology, proinflammatory cytokine expression, and secretory function and evokes a humoral immune response in cats. Five specific-pathogen-free (SPF) Helicobacter-free cats were studied before and for 1 year after oral inoculation with H. felis (ATCC 49179). Four SPF H. felis-uninfected cats served as controls. The stomachs of all five H. felis-inoculated cats became colonized, as determined by urease activity, histopathology, PCR, culture, and transmission electron microscopy of serial gastric biopsies at 0, 3, 5, 8, and 12 months. Uninoculated cats remained Helicobacter free. Lymphoid follicular hyperplasia, atrophy, and fibrosis were observed primarily in the pylorus of infected cats. Mild mononuclear inflammation was detected in both infected and uninfected cats, but was more extensive in infected cats, with pangastric inflammation, eosinophilic infiltrates, and cardia gastritis observed only in infected cats. No upregulation of antral mucosal interleukin 1␣ (IL-1␣), IL-1␤, or tumor necrosis factor alpha was detected by reverse transcription-PCR in any cat. The gastric secretory axes, assessed by fasting plasma gastrin, antral mucosal gastrin and somatostatin immunoreactivity, and pentagastrin-stimulated gastric acid secretion, were similar in both infected and uninfected cats. Gradual seroconversion (immunoglobulin G) was observed in four of five infected cats, with enzyme-linked immunosorbent assay values reaching 4؋ to 12؋ baseline 12 months postinfection. These findings indicate that H. felis infection in cats induces lymphoid follicular hyperplasia, mild gastritis, and seroconversion, but is associated with normal gastric secretory function.
The discovery of the association of Helicobacter pylori with gastritis, peptic ulcers, and gastric neoplasia has led to fundamental changes in the understanding of gastric disease in humans (5, 38, 64, 67) . Investigation of the relationship of gastric disease to Helicobacter spp. in other species has resulted in the discovery of Helicobacter mustelae in ferrets with gastritis and peptic ulcers, Helicobacter acinonyx in cheetahs with severe gastritis, and Helicobacter heilmannii in pigs with gastric ulcers (11, 19, 59) .
Infection with Helicobacter spp. is also highly prevalent in cats, with spiral shaped bacteria 5 to 12 m long, demonstrated in gastric biopsies from 86 to 100% of random-source cats (53, 62) , 41 to 91% of clinically healthy pet cats (26, 30, 49, 73) , 93 to 100% of laboratory cats (9, 54, 70) , and 57 to 76% of cats with recurrent vomiting (26, 33, 73) . H. pylori has been observed in a group of laboratory cats, but not pet cats, and is associated with gastritis in cats (22, 28) . Excluding cats with H. pylori infection, the gastric Helicobacter-like organisms (HLOs) in cats are morphologically indistinguishable by light microscopy, but have been classified into several Helicobacter spp. on the basis of cultural characteristics, 16S rRNA sequencing, DNA hybridization, PCR with species-specific primers, electron microscopic appearance, and protein profiling (9, 15, 34, 36, 49, 51) . To date, Helicobacter felis, H. heilmannii, Helicobacter pametensis, and H. felis-and H. heilmannii-like organisms have been identified (9, 15, 34, 36, 49, 51) .
Despite their prevalence, the relationship of Helicobacter spp. to disease in cats is unresolved. Gastritis and glandular degeneration accompany infection in some, but not all, infected cats, and many are asymptomatic despite infection (30, 33, 53, 62, 73) . Investigations of the pathogenicity of large gastric HLOs in cats have focused on describing the infecting bacteria and histopathology in cats with naturally acquired infections, and only a few studies have included Helicobacterfree cats (26, 30, 73) . The host immune response to infection and gastric secretory function have not been examined. Consideration of those factors is important, because H. pylori infection in people is associated with gastritis, the induction of proinflammatory cytokines, seroconversion, and changes in gastric function. Increased acid secretion is associated with antral gastritis and duodenal ulceration (12, 13, 47) , whereas achlorhydria is observed shortly after infection with H. pylori and when the gastric fundus and body is inflamed or atrophied (14, 44, 46, 65) . Hypergastrinemia is a consistent finding in H. pylori-infected people and is present in asymptomatic individuals, those with achlorhydria, and those with duodenal ulcers (13, 27) . Eradication of H. pylori has been associated with amelioration of gastritis and hypergastrinemia, decreased acid secretion in people with acid hypersecretion, and increased acid secretion in achlorhydric patients (13, 14, 47) . It is presently unclear if Helicobacter spp. other than H. pylori can induce such changes and whether the alterations in gastric function which accompany infection with H. pylori are a consequence of bacterial products, such as urease, ammonia, or acid inhibitory factors, or the inflammatory response evoked by the bacterium.
There is a clear need to determine if H. felis is a gastric pathogen in cats and for animal models that will enable evaluation of the consequences of Helicobacter colonization for somatostatin and gastrin physiology, acid secretion, and mucosal inflammation. We report here the evaluation of gastric histopathology, antral interleukin 1␣ (IL-1␣), IL-1␤, and tumor necrosis factor alpha (TNF-␣) mRNA expression, acid secretion, plasma gastrin, antral somatostatin and gastrin immunoreactivity, and circulating anti-H. felis immunoglobulin G (IgG) after experimental infection of cats with H. felis.
MATERIALS AND METHODS

Animals.
Five specific-pathogen-free (SPF), Helicobacter-free, male cats (7 months old) were studied before and for 1 year after oral inoculation with H. felis. Four SPF Helicobacter-free male cats (7 months old) which had not been inoculated with H. felis served as uninfected controls. The presence or absence of gastric Helicobacter spp. was ascertained in all cats prior to admission to the study by evaluating gastric biopsies for urease activity, impression smears and tissue sections for the presence of HLOs, and culture and gastric biopsies for H. felis DNA (see gastric biopsy). All cats were negative for Helicobacter spp. by all tests prior to inoculation. Cats were acclimatized to housing for 2 weeks prior to starting the study and for 4 weeks before infection with H. felis. Cats were fed a standard commercial diet and had constant access to water throughout the study. Infected cats were housed separately from uninfected cats. Cornell University operates under an approved Animal Welfare Assurance (A3347-01) and is fully accredited by the American Association for the Accreditation for Laboratory Animal Care. The project was approved by the Institutional Animal Care and Use Committee at Cornell University.
Infection with H. felis. H. felis strain ATCC 49179 was used; it was originally isolated from the gastric mucosa of an adult cat (36) and was cultured as previously described (63) . The bacteria were checked by Gram stain to ensure that there were few or no reversions from rod to coccoid forms. The bacterial suspension was standardized at a turbidity of a 0.5 McFarland standard, which would normally result in about 1.5 ϫ 10 8 CFU/ml. However, since H. felis does not produce discrete colonies on agar, we could not do the standard colony counts to determine the actual number of H. felis cells in a 0.5 McFarland standard. An inoculum of 14.5 ml was administered to five cats via a stomach tube on days 1, 3, and 5 of the experiment.
Culture of gastric tissue samples. Gastric tissue samples were transported to the laboratory in Trypticase soy broth tubes (BBL Microbiological Systems, Becton Dickinson, Cockeysville, Md.) on ice. Upon receipt in the laboratory, tissue samples were ground with a Ten Broeck tissue grinder and then cultured as previously described (63) . Plates were checked daily for growth. Suspect colonies were subcultured to a brucella blood PRAS agar plate (Anaerobe Systems, Morgan Hill, Calif.) and reincubated; in addition, direct colony Gram staining was performed. Analysis of the 16S rRNA gene sequence was performed for suspect colonies to confirm that they were H. felis, as previously described (23) .
Gastric tissue sampling. Endoscopic biopsies of the stomach were obtained at Ϫ2 weeks, 3.5 months, and 8 months with a pediatric endoscope and biopsy forceps. Endoscopic biopsies were procured from the pyloric antrum (incisura to pyloric sphincter), the body (greater curvature), and the cardia. Three biopsies were taken from each site for light microscopy, two were taken from each site for urease testing, and one was taken from each site for PCR. Endoscopic biopsy samples for PCR analysis were frozen at Ϫ80°C pending analysis. The endoscope was thoroughly cleaned and then sterilized with an activated aldehyde solution (Metrex; Parker, Co.). Biopsy forceps were sterilized in a similar fashion, and the biopsy cups were immersed in Chlorox (1:10 in water) for 10 min to destroy residual DNA. At necropsy (12 months), two full-thickness gastric tissue samples were obtained from 10 standardized sites as described by Lee et al. (37) with a sterile 6-mm skin biopsy punch. One sample from each site was evaluated for urease activity, and the other was evaluated by light microscopy. Additional samples for transmission electron microscopy were obtained adjacent to site 5 (body). Samples for cytokine analysis (1) and quantitation of gastrin and somatostatin immunoreactivity (1) were obtained next to sites 7 to 9 (pyloric antrum), snap-frozen in liquid nitrogen, and frozen at Ϫ80°C pending analysis.
Gastric urease. Urease production by gastric tissue was evaluated as previously described (60) . Gastric tissue samples were placed in sterile tubes containing 200 l of a solution composed of urea, sodium azide, phenol red, and phosphatebuffered saline (pH 6.5). Samples were incubated for 48 h and observed at 4, 12, 24, and 48 h for a change in the color of the indicator medium. A change from orange-red to bright pink was considered a positive result, and the time of color change was recorded. Urease results were additionally scored as follows: 0, negative at 48 h; 4, positive at 4 h; 3, positive at 12 h; 2, positive at 24 h; and 1, positive at 48 h.
PCR.
Gastric biopsies collected endoscopically at 0, 3.5, and 8 months were frozen at Ϫ80°C. DNA was extracted from biopsies with a Qiamp tissue kit (Qiagen, Santa Clarita, Calif.). PCR was performed with primers which amplify the urease B gene of H. felis: F-5Ј-ATGAAACTAACGCCTAAAGAACTAG-3Ј (forward) and R-5Ј-GGAGAGATAAAGTGAATATGCGT-3Ј (reverse) (49) . DNA samples (5 l) were added to a reaction mixture containing 400 M deoxynucleoside triphosphates (dNTPs; Pharmacia Biotech, San Francisco, Calif.), PCR buffer (Gibco BRL, Grand Island, N.Y.), 2 mM MgCl 2 (Gibco BRL), 1.5 U of Taq DNA polymerase (Gibco BRL), 0.6 M each primer, and distilled water in a total volume of 50 l. PCR samples were heated to 94°C for 2.5 min once, followed by 40 cycles of denaturation at 94°C for 1 min, primer annealing at 55°C for 1 min, and extension at 72°C for 1 min, with a final extension at 72°C for 15 min in a Biometra (Tampa, Fla.) personal thermocycler. PCR products were subjected to electrophoresis on an agarose gel and visualized with ethidium bromide. When visualized over UV light, a single band at 1 Southern blot analysis was performed as follows. The PCR amplification product was separated on a 1% agarose gel, stained with ethidium bromide, depurinated (0.25 M HCl, 15 min), and denatured (1.5 M NaCl, 0.5 M NaOH, 30 min), and transferred (10ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate]) to a Zeta-Probe membrane (Bio-Rad Laboratories, Hercules, Calif.) with a vacuum blotter (5 mm Hg, 90 min; Bio-Rad Laboratories) and UV cross-linked. The oligonucleotide (5Ј-GGAATAAGCGLATCT-3Ј), which was directed against the H. felis PCR product, was 3Ј-oligolabeled with a nonradioactive labeling kit (ECL [enhanced chemiluminescence] 3Ј-oligolabeling system; Amersham, Little Chalfont, England). Southern blot hybridization and detection were performed as described by the manufacturer.
Serology. Serum samples collected at 0, 3, 6, 9, and 12 months after inoculation with H. felis and at 0, 3, 6, and 9 months in uninfected cats were evaluated by kinetic enzyme-linked immunosorbent assay (ELISA). High-molecular-weight cell-associated protein, purified from a detergent extraction of H. felis ATCC 49179 as described by Evans et al. (17) , was used to coat ELISA plates at 1 g/well (antigen-coated plates were a generous gift from Enteric Products Inc., Stony Brook, N.Y.). The ELISA was performed as previously described (63), except that bound IgG was detected with horseradish peroxidase-conjugated rabbit anti-cat IgG (Cappel/ICN, Costa Mesa, Calif.) diluted 1:3,000 in phosphate-buffered saline with 0.05% Tween 20 and 2% dried milk, and incubated for 30 min, followed by washing and incubation with tetramethylbenzidine dihydrochloride (TMB). The plates were read (650 nm; MRX plate reader; Dynatech, Chantilly, Va.) three times at 45-s intervals, with 30 s of shaking between readings. The results were expressed as optical density (OD) per minute.
Cytokine analysis. Gastric tissue samples from the pyloric antrum were collected, snap-frozen in liquid nitrogen, and stored at Ϫ80°C pending analysis. RNA was extracted from the biopsies with an RNA extraction kit according to the manufacturer's instructions (Qiagen). To eliminate DNA contamination, samples were treated with 1 U of DNase according to the manufacturer's instruction (GIBCO BRL). mRNA expression for TNF-␣, IL1-␣, and IL-1␤ was determined by reverse transcription (RT)-PCR. RT reactions were carried out in a GeneAmp 9600 PCR system (Perkin-Elmer, Foster City, Calif.). One-tenth microgram of total RNA in 50 l of RT buffer containing 1ϫ PCR buffer II (Perkin-Elmer), 5.0 mM MgCl 2 (Perkin-Elmer), 1.0 mM each dNTPs (PerkinElmer), 18 U of RNase inhibitor (Promega, Madison, Wis.), 200 U of Moloney murine leukemia virus reverse transcriptase (Amersham), and 2.5 mM oligo(dT) 18 (New England Biolabs, Beverly, Mass.) was transcribed into cDNA at 24°C for 10 min, followed by 42°C for 30 min. The cDNA was then held at 98°C for 5 min. Five-microliter aliquots of each sample were transferred into new 96-well microtiter plates, sealed with adhesive sealer tape, and stored at Ϫ80°C until use. PCR primers for feline TNF-␣, IL-1␣, and IL-1␤ were used to amplify their respective cDNAs (Table 1) . Primers originally designed to amplify a fragment from the published bovine actin sequence amplify a homologous segment of the feline actin and were used to monitor the amount of mRNA in the reaction. PCR was performed with a GeneAmp 9600 PCR system (PerkinElmer) in a 25-l total reaction volume, which was prepared with 5 l of the cDNA solution, 1ϫ PCR buffer II (Perkin-Elmer), 1.0 M each primer, and 0.6 U of Taq polymerase (Perkin-Elmer). The MgCl 2 concentration was adjusted to 1.5 mM. The amplification protocol included DNA denaturation at 94°C for 2 min, followed by amplification cycles (actin, 30 cycles; TNF-␣, 29 cycles; IL-1␣, 40 cycles; IL-1␤, 34 cycles) at 94°C for 1 min, 50°C for 1 min, and 72°C for 1 min, and then the reaction was terminated with an extension step at 72°C for 6 min. PCR fragments were separated in 1.5% agarose gels and visualized with ethidium bromide.
Histopathology. Samples for histopathology were fixed in 10% buffered formalin, embedded in paraffin, and sectioned at 4 to 6 m. Serial sections of each block were stained with hematoxylin and eosin (H&E) and modified Steiner's stain (25) . Samples were examined in a blinded fashion by our pathologist (E.S.) and evaluated for the presence of HLOs and degree of colonization, degree of inflammation, and presence of mucosal lymphoid nodules. The degree of colonization by HLOs was graded as follows: 0, no organisms seen; ϩ1, presence of Helicobacter in Ͻ5% of gastric glands; ϩ2, presence of Helicobacter in 5 to 50% of gastric glands; and ϩ3, presence of Helicobacter in Ͼ50% of gastric glands. The degrees of inflammation, fibrosis, and atrophy were graded as follows: ϩ1, mild; ϩ2, moderate; and ϩ3, severe. The number of lymphoid follicles was evaluated in samples obtained at necropsy and graded as follows (per specimen): ϩ1, 1 lymphoid follicle; ϩ2, 2 to 3 lymphoid follicles; and ϩ3, Ͼ3 lymphoid follicles. Samples obtained for histopathology at necropsy were grouped according to site (cardia or fundus, biopsies 1 to 3; body, biopsies 4 to 6; and pyloric antrum, biopsies 7 to 10) (37).
Electron microscopy. Gastric tissue was fixed by immersion in a solution containing 2.5% gluteraldehyde cacodylate (0.1 M) buffered to pH 7.2. Samples were postfixed in 1% osmium tetroxide, dehydrated, infiltrated, and embedded in Epon araldite. Semithin sections cut at 0.5 m were stained with azure blue. Thin sections (approximately 80 nm thick) were stained with uranyl acetate and lead citrate and examined at 80 kV with a Philips 201 transmission electron microscope (FEI/Philips, Hillsboro, Oreg.).
Measurement of acid secretion. Gastric acid secretion was evaluated for anesthetized cats prior to and 3.5, 8, and 12 months after the oral administration of H. felis. Following initial sedation with ketamine (10 to 15 mg/kg of body weight intramuscular), cats were induced, intubated, and maintained with halothane and oxygen. A gastric tube (12 Fr Levin tube; Davol, Inc., Cranston, R.I.) was positioned endoscopically in the dependent part of the stomach. The tube position was checked by injecting and recovering 6 ml of sterile water. Gastric juice was then continuously aspirated by gentle manual suction for 75 min. Basal (30 min) and pentagastrin-stimulated fractions (30 to 45, 45 to 60, and 60 to 75 min) were collected on ice. The collection, stimulation, and quantitation of gastric acid secretion were performed as described by Happe and DeBruijne (29) , except that pentagastrin (Bachem Bioscience, Inc., King of Prussia, Pa.) was administered as a continuous intravenous infusion (0.9% NaCl, 0.1% albumin) at 8 g/kg of body weight/h. Acid secretion was determined by pH measurement and titration to pH 7.0 with 0.1 M NaOH at room temperature. Maximal acid output was calculated by using values from the 15-min period with the highest acidity, and acid output was expressed as peak pH, millimoles of HCl per milliliter, and millimoles of HCl per kg 0.75 (metabolic body mass) per hour. Gastrin and somatostatin analysis. (i) Plasma gastrin. Two weeks prior to the oral administration of H. felis and at 2, 4, 6, 9, 13, 15, 20, 25, 33, 45, and 50 weeks after inoculation, blood was collected into EDTA. All sampling periods were preceded by an overnight fast. Blood samples were placed in ice and centrifuged at 4°C, and plasma was stored at Ϫ80°C until analysis. Concentrations of gastrin in plasma were determined by radioimmunoassay (Gastrin 125 I; Becton Dickinson, Cockeysville, Md.) at the Department of Endocrinology, The Ohio State University, Columbus.
(ii) Extraction of somatostatin and gastrin. Antral gastrin and somatostatin content was determined in gastric tissue samples obtained between sample sites 7 and 9. Tissue samples were snap-frozen in liquid nitrogen and stored at Ϫ80°C pending analysis.
Gastric mucosal samples were weighed and immediately placed in 1 ml of distilled boiling water. For gastrin extraction, the samples were boiled for 10 min; this was followed by another 10 min in 3% acetic acid for somatostatin extraction. The supernatant was collected for radioimmunoassay.
(iii) Radioimmunoassay. Somatostatin-and gastrin-specific radioimmunoassays were performed by previously described established methods (6, 52) . K2 antibody (raised to somatostatin-14 synthetic human peptide in rabbits) at a dilution of 1:10,000 was used for the somatostatin assay and Gastrin 04281 (raised against human synthetic gastrin 1 in rabbits) at a final dilution of 1:100,000 was used for the gastrin assay: both were kindly provided by S. R. Bloom of the Department of Metabolic Medicine, Imperial College, London, United Kingdom. Addition of dextran-coated charcoal followed by centrifugation at 800 ϫ g for 20 min at 4°C precipitated the free from the antibody-bound label. The supernatant (bound hormone) was separated from the charcoal pellet (free hormone) with a Pasteur pipette, and both fractions were counted for radiation content. The assays were performed on duplicate samples, and the mean hormone concentration was expressed per milligram of wet weight.
(iv) Immunohistochemistry for gastrin and somatostatin cells. Immunohistochemistry was performed with deparaffinized tissue from the pyloric antrum with polyclonal rabbit anti-human gastrin 2-17 (1:2,000) (Peninsula Europe; lot no. 801374) and anti-synthetic somatostatin {Ϫ14[som-28(15-28)]; 1:2,000; Genosys; batch no. C1002} antibodies and by a streptavidin-biotin immunoperoxidase technique with aminoethyl carbazole as the chromagen. Nonimmune rabbit serum at 1:80 was used as a negative control. The numbers of immunoreactive cells in the pyloric antrum were quantitated by counting all immunoreactive cells observed in tissue from the pyloric antrum (biopsy sites 7 to 10). The results were expressed as the total number of each cell type and as the ratio of immunoreactive gastrin to somatostatin cells.
Statistical analysis. Differences in gastric bacterial colonization density, inflammation, lymphoid follicles, atrophy, and fibrosis between infected and uninfected cats were evaluated with a Mann-Whitney test. Differences in these variables between gastric region (pylorus, body, and cardia) and over time (0, 3.5, 8, and 12 mo) were evaluated by Friedman analysis of variance. Two-way analysis of variance was conducted to determine the effects of group (infected, noninfected) and time on acid output (pentagastrin-stimulated peak, 15-min-period peak pH, millimoles of HCl per milliliter, and millimoles of HCl per kg 0.75 per hour) and serum gastrin, before and after administration of H. felis. Differences in the gastrin and somatostatin contents of pyloric tissue and the number of immunoreactive somatostatin and gastrin cells in infected and uninfected cats were evaluated with a students' t test, or Mann-Whitney test when an F test was 
The results of biopsies taken from the pyloric antrum, body, and cardia or fundus were pooled and are presented as positive (ϩ) or negative (Ϫ). Biopsies were obtained by endoscopy 3.5 and 8.0 months after infection with H. felis. All cats were negative by all tests prior to inclusion in the study. MS, modified Steiner stain; Ure, urease production. GTT TTT GAG ATT CTT AGA GTC AC IL-1␤-F-Cat CAC AGT TTT CTG GGA GAT GAG G 272 IL-1␤-R2-Cat TGG CTT ATG TCT CGG AAC GTG T TNF-␣-F CTC TTC TGC CTG CTG CAC 288 TNF-␣-R GCC CTT GAA GAG GAC CTG
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significant. The correlation between inflammation, lymphoid follicles, the number of organisms in gastric biopsies, and degree of seroconversion was assessed by using the Kendall rank correlation coefficient (tau). All statistical analyses were performed with Statview software (Abacus Concepts, Inc., Berkeley, Calif.).
Significance was set at P Ͻ 0.05.
RESULTS
Clinical signs.
No abnormal clinical signs were evident in the infected and uninfected cats throughout the study.
Infection with H. felis. Gastric spiral organisms consistent with H. felis were visualized in modified-Steiner-stained sections in five of five infected cats at 3.5, 8, and 12 months ( Table  2) . Transmission electron microscopy confirmed the presence of spiral bacteria with periplasmic fibrils consistent with H. felis (Fig. 1) . Culture recovered H. felis from one infected cat (cat 3) at 8 months and two infected cats (cats 1 and 5) at necropsy. Analysis of the 16S rRNA sequence from one of those isolates confirmed that the sequence was only 1 base different from the published sequence of H. felis ATCC 49179, which was used for infection. PCR of gastric biopsies with primers for H. felis urease was positive in biopsies from four of five cats at 3.5 months and five of five cats at 8 months (Table 2 and Fig. 2) . Southern blot analysis with a labeled oligonucleotide probe specific for the H. felis urease B gene confirmed that PCR products were specific (Fig. 2) . No positive PCR results were obtained in uninfected cats with the H. felis primers at 0, 3.5, and 8.0 months. Evaluation of gastric biopsies from uninfected cats at 3.5 months with Helicobacter genus-specific primers confirmed that those cats were also free from infection with other Helicobacter spp.
Urease tests were positive in five of five cats at 3.5 months, three of five cats at 8 months, and five of five cats at 12 months (Tables 2 and 3 ). Urease tests of endoscopic biopsies were more frequently positive in the cardia (6 of 10 evaluations) than the body (4 of 10 evaluations) and pyloric antrum (4 of 10 evaluations). Urease mapping at 26 weeks confirmed that the 
FIG. 2. Detection of H. felis DNA in gastric biopsy specimens (3.5 months) by PCR (upper bands) and confirmation by Southern blotting (lower bands).
Lanes: M, DNA ladder; 1, cat 1; 2, cat 4; 3, cat 5; 4, cat 2; 5, cat 3; 6, cat 6; 7, cat 7; 8, cat 8; 9, cat 9; 10, negative control; 11, DNA from H. felis ATCC 49179. cardia, fundus, and body were generally more heavily colonized than the pyloric antrum (Table 3) , although one cat (cat 1) was strongly urease positive at all sites.
When the density and site of colonization by H. felis were assessed by light microscopy, it was apparent that the body and cardia were more densely colonized than the pyloric antrum in three cats, with similar degrees of colonization at all sites in the other two cats (Table 4) . Helicobacter-like organisms were most frequently observed in the superficial gastric mucus layer, but were also observed within gastric glands and parietal cells of five of five infected cats (Fig. 3) . Intracellular organisms accounted for approximately 5% of the organisms observed in a section. The degrees of colonization visualized in endoscopic biopsies were similar at 3.5 and 8 months after infection. Helicobacter-like organisms were not visualized in tissue samples from the four uninfected cats at any time point.
Gastric histopathology. No gross mucosal abnormalities were observed in any cat during upper gastrointestinal endoscopy at 0, 3.5, 8, and 12 months or at necropsy at 12 months.
No lymphoid follicles and only one area of mild mononuclear infiltrates (grade 1) in the pylorus of three cats were detected in biopsies taken before entry into the study. Blinded evaluation of tissue specimens taken at necropsy (12 months [ Table 4 ]) revealed mild mononuclear infiltrates in one or more gastric sites from three of five infected and three of four uninfected cats (P Ͼ 0.05). Inflammation was more extensive in infected cats, with pangastric mononuclear infiltrates (cats 2 and 5) and cardia gastritis (cats 2, 3, and 5) observed only in infected cats (Table 4) . Furthermore, eosinophilic infiltrates were observed in three infected cats (cats 2, 3, and 5). At 12 months, lymphoid follicles were present in the pyloric mucosa of all infected cats and in one uninfected cat (P Ͻ 0.05) (Fig.  4) . Atrophy and fibrosis were observed predominantly in infected cats (P Ͻ 0.05), with the pylorus more severely affected in infected cats than the fundus or cardia (P Ͻ 0.05) (Fig. 5) . There was no relationship between total gastric colonization density and mononuclear infiltrates, although the degree of bacterial colonization in the cardia was related to the degree of mononuclear infiltrates (tau ϭ 0.722, P ϭ 0.007). Associations between colonization density and the presence of lymphoid follicles (tau ϭ 0.643, P Ͻ 0.02), atrophy (tau ϭ 0.750, P ϭ 0.005), and fibrosis (tau ϭ 0.803, P ϭ 0.003) and associations between atrophy and fibrosis (tau ϭ 0.813, P Ͻ 0.002) were also observed. Analysis of endoscopic biopsies taken at 0, 3.5, 3  2  2  3  1  0  0  2  0  3  3  1  0  2  0  0  0  0  0  0  4  3  3  0  3  3  2  0  0  0  0  5  4  4  2 1  3  2  2  0  0  0  2  1  0  1  0  0  2  0  0  2  3  3  3  1  1  1  2  0  0  2  1  0  2  1  1  3  0  3  3  0  0  1  1  0  0  2  0  0  2  0  0  4  1  3  3  0  0  0  3  0  0  1  1  0  1  1  0  5  1  3  3  1  1  1  3  0  0  2  0  0  2 
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and 8 months showed an effect of time (P Ͻ 0.05) for mononuclear infiltrates, lymphoid follicles, atrophy, and fibrosis in infected cats but not uninfected cats. Gastric cytokines. RT-PCR analysis of gastric biopsies showed actin amplification in all samples (Fig. 6 ) and appropriate reactions for positive (cat bronchial macrophages) and negative control samples. There was no evidence of upregulation of IL-1␣, IL-1␤, or TNF-␣ mRNA in either uninfected or infected cats.
Serology. Four of the infected cats (cats 2 to 5) showed evidence of seroconversion, with progressive increases in OD per minute to 4ϫ to 12ϫ preinoculation values at 12 months (Fig. 7) . The uninfected cats showed little change in OD per minute throughout, although one uninfected cat (cat 9) showed a gradual increase to 2ϫ baseline at 9 months. There was no correlation between the relative increase in ELISA values and the degree of bacterial colonization, inflammation, or lymphoid follicles in infected cats.
Acid secretion. Gastric secretion during the basal period (0 to 30 min) was low in volume, and titratable acidity could not be reliably determined. Pentagastrin-stimulated acid output was usually maximal during the 60-to 75-min period. The acidities of gastric juice during maximal output (pH and millimoles of HCl per milliliter) and total acid output (millimoles per kg 0.75 per hour) were similar in infected and uninfected cats throughout the study (Fig. 8) . Plasma gastrin. There was no significant difference in fasting gastrin concentrations between groups over the 50-week period (Fig. 9) .
Antral somatostatin and gastrin. (i) Immunohistochemistry. The numbers of immunoreactive somatostatin cells in antral biopsies varied widely between cats but were not significantly different (P Ͼ 0.05) in the groups of uninfected (median, 75; range, 0 to 256) and H. felis-infected (median, 0; range, 0 to 39) cats. The numbers of immunoreactive gastrin cells were more constant and were similar (P Ͼ 0.05) in uninfected (median, 551; range, 256 to 964) and infected (median, 527; range, 145 to 1,510) cats. The ratios of immunoreactive gastrin to somatostatin cells were not significantly different (P Ͼ 0.05) in uninfected (median, 6.65; range, 3 to 64) and infected (median, 39; range, 4 to 74) cats.
(ii) Somatostatin and gastrin products. The amounts of somatostatin (femtomoles per milligram) and gastrin (picomoles per milligram) in antral biopsies were similar (P Ͼ 0.05) (median, range, or mean Ϯ standard error [SE]) in uninfected (somatostatin, median, 50; range, 19 to 98; gastrin, mean Ϯ SE, 18.9 Ϯ 10.3; gastrin/somatostatin ratio, median, 156; range, 36 to 2,000) and H. felis-infected (somatostatin, median, 75; range, 3 to 330; gastrin, mean Ϯ SE, 17.8 Ϯ 12.4; gastrin/ somatostatin ratio, 158; range, 15 to 508) cats.
DISCUSSION
The oral administration of H. felis resulted in the infection of five of five cats. Infection was achieved solely by administration of a suspension of H. felis. It was not necessary to suppress gastric acid secretion or use gnotobiotic animals, as previously reported by others, to infect cats with H. pylori and dogs with H. felis (22, 37) . The pattern of colonization, with a tendency for the strongest urease activity to occur in the cardia and fundus, was similar to that observed in cats and dogs with naturally acquired gastric helicobacteriasis and gnotobiotic and SPF dogs infected with H. felis (9, 30, 37, 53, 63, 73) . While H. felis was cultured from gastric tissue samples of infected cats on only three occasions, positive PCR with H. felis-specific primers, the presence of HLOs with periplasmic fibrils on electron microscopy, and 16S rRNA sequence analysis indicate that the gastric HLOs observed in biopsies were H. felis (37, 49) . Uninfected cats were negative for Helicobacter spp. throughout the study.
The marked lymphoid follicular hyperplasia in the H. felisinfected cats in the present study is similar to that reported in cats with naturally acquired infection with HLOs (30, 33, 53, 62) and cats infected with H. pylori (22, 28 ). An antral predominance of lymphoid follicular hyperplasia has also been previously observed in cats with naturally acquired infection and those infected with H. pylori (22, 28, 30, 53) . Our obser- , who described an absence of lymphoid follicles in uninfected cats and a relationship between colonization density and lymphoid follicles. However, we did observe lymphoid follicles in the pylorus of one of four uninfected cats (cat 8). It is of note that previous studies that have evaluated full-thickness gastric tissue samples (30, 33, 53, 62) , rather than endoscopic biopsies (49, 51, 54, 73) , have also found a relationship between infection and lymphoid follicle hyperplasia in cats. Our observations are of potential importance with respect to the development of mucosa-associated lymphoid tissue (MALT) lymphoma. H. pylori infection in people is strongly associated with the development of gastric MALT and MALT lymphoma, and the eradication of Helicobacter has caused remission of MALT lymphoma in people (55, 66, 71) . H. felis infection has also been associated with MALToma-like lesions in BALB/c mice (16) . Because lymphoma accounts for 26 to 33% of malignant tumors in cats, and alimentary lymphoma is the most common anatomic form (42, 68) , the potential relationship of Helicobacter spp. to gastric lymphoma in cats merits further investigation. The mononuclear inflammation observed in the present study is consistent with previous studies with cats with naturally acquired infection with large HLOs (30, 49, 51, 70, 73) . The lack of uninfected cats in the majority of previous studies has made it difficult to determine if the histopathological abnormalities were related to infection with Helicobacter spp. In the present study, pangastric inflammation, eosinophilic infiltrates, and cardia gastritis were observed only in infected cats, and a relationship between colonization and inflammation of the cardia was detected. In some, but not all, previous studies that have examined infected and uninfected cats, a correlation between colonization density and inflammation of the fundus, or glandular degeneration, has been shown (30, 33, 73) . Conversely, mononuclear infiltration and lymphoid follicular hyperplasia are often more severe in the pyloric antrum, which is generally less heavily colonized (9, 30, 53, 73) . Neutrophilic infiltrates were not detected in the present study and contrast with the active gastritis noted in people and cats infected with H. pylori (22, 28, 38) . Eosinophilic infiltrates were detected in three infected cats in the present study and have also been observed in gnotobiotic dogs infected with H. pylori (60) and dogs and rats infected with H. felis (20, 37) . In the present study, fibrosis and atrophy were more common in infected cats and appeared to be related to each other. A relationship between colonization and fibrosis has been reported by some (33) but not by others (9, 73) .
The development of RT-PCR assays to measure IL-1␣, IL-1␤, and TNF-␣ mRNA in cats enabled us to evaluate the relationship between infection and cytokine induction in the gastric mucosa. The mild inflammatory response and absence of cytokine induction in the cats in the present study, despite substantial colonization with H. felis, contrasts markedly with the chronic active gastritis, cytokine expression, and peptic ulceration observed in H. pylori-infected people. Those pathological abnormalities in infected people are linked to changes in gastric function; antral gastritis and peptic ulceration are associated with increased acid secretion (13, 47) , whereas inflammation or atrophy of the fundus and body is associated with achlorhydria (14, 44, 46, 65) . Eradication of H. pylori results in decreased acid secretion in patients with acid hypersecretion and increased acid secretion in achlorhydric patients (13, 14, 47) . Decreased inhibition of gastrin release by somatostatin, with resultant hypergastrinemia and increased parietal cell mass, has been postulated as the cause of hyperacidity and duodenal ulceration (48, 58) . Decreased mucosal somatostatin and increased gastrin may be a consequence of antral inflammation or perhaps chronic ammonia exposure (10, 40) . The proinflammatory cytokines IL-1␤ and TNF-␣, which are expressed in H. pylori-infected people (41, 50, 72) , inhibit somatostatin release (3) and stimulate gastrin release (1, 2, 39) by antral G cells in vitro. The precise mechanisms of cytokine induction are unclear, but bacterium-associated factors such as urease have been shown to release cytokines from macrophages (32) .
Many of the factors that are thought to promote gastrin release in the pyloric antrum are associated with inhibition of acid secretion in the fundus. For example TNF-␣ and IL-1␤ decrease acid secretion by affecting parietal (4) and possibly enterochromaffin-like cells (57) . In addition, inhibitory substances produced by H. felis and H. pylori have been shown to decrease parietal cell acid secretion in vitro (7, 69) . Because the degrees of hypergastrinemia and the antral cytokine milieus appear similar in humans with and without duodenal ulcers (41, 50, 72) , it is likely that it is the balance between parietal cell stimulation and hyperplasia on one hand and inhibition and atrophy on the other that determines the outcome. Because eradication is associated with a decrease in inflammation (14) , it has been difficult to separate the effects of bacterial colonization per se from those induced by inflammation. The absence of abnormalities in gastric acid secretion, plasma gastrin, and antral somatostatin and gastrin in the present study in the face of substantial colonization with H. felis strongly argues against a direct effect of H. felis, urease, and ammonia on the gastric secretory axis in the cat. The lack of severe gastric inflammation in the cats in the present study may explain our findings. This hypothesis is supported by a recent study of rats infected with either H. felis or H. heilmannii, in which fasting or stimulated gastrin and acid secretion were similarly unchanged in the face of dense colonization (8) .
It is possible that the evaluation of acid secretion in response to pentagastrin, rather than bombesin or gastrin-releasing peptide and measurement of fasting, rather than meal-stimulated, gastrin, may have failed to expose hyperacidity or hypergastrinemia (43) . However, because pentagastrin stimulation is the most sensitive method for detecting hypochlorhydria, it is unlikely that decreased acid secretion was present (43) .
While the lack of severe inflammation and abnormalities in gastric secretory function observed in the present study may be due to differences in the pathogenic attributes of the various species or strains of Helicobacter, it has been previously illustrated that the species and strain of the host can also determine the density of bacterial colonization and the degree and type of inflammation observed in response to infection with H. felis (20, 45, 61) . Our observation that the pylorus was more affected than the cardia and the fundus, despite being least densely colonized with HLOs, is different from observations of gnotobiotic dogs infected with H. felis, where lymphoid follicle hyperplasia and bacterial colonization were most evident in the fundus and body and subglandular infiltrates of lymphocytes, plasma cells, and eosinophils were widespread (37). Conversely, H. felis-infected mice have more inflammation in the fundus than the pyloric antrum, although the pyloric antrum is generally more densely colonized (45) . Hence the variable outcome of H. felis infection likely reflects inter-and intraspecies differences, such as the genetic makeup, age, and origins of the animals.
Seroconversion was observed in four of five infected cats and the OD per minute gradually increased to values 4ϫ to 12ϫ higher than the baseline after 12 months. Previous studies of H. felis infection in gnotobiotic dogs and mice have demonstrated fairly uniform seroconversion 2 weeks after infection (21, 37) . The variable serological responses we observed are more similar to those in SPF dogs infected with H. felis and cats infected with H. pylori, in studies in which some animals did not seroconvert until 6 months after infection and had titers only twofold greater than baseline (22, 63) . In all of those studies, the degree of seroconversion was not related to colonization density, inflammation, or lymphoid follicles, and the reasons for the differences in the time and degree of seroconversion are unclear.
A number of methods were used to detect H. felis in gastric biopsies. When the results of culture and biopsies taken from infected cats at 3.5, 8, and 12 months are combined, it is apparent that culture was positive for H. felis at 3 of 15 sampling points, PCR was positive for H. felis at 9 of 10 sampling points, modified Steiner staining was positive for HLOs at 15 of 15 sampling points, and urease tests were positive at 13 of 15 sampling points. These observations concur with studies with H. felis-infected mice and dogs with naturally acquired helicobacteriosis, in which microscopy was more sensitive than culture and urease (31, 45) . Our observation that PCR was sensitive and specific is in agreement with studies of mice and dogs infected with H. felis and humans and cats infected with H. pylori (18, 35, 56, 63) . However, the patchy distribution of Helicobacter within the stomach, particularly in areas of low colonization density, suggests that the confirmation of Helicobacter infection is probably best undertaken by evaluating multiple biopsies from different sites by a combination of methods.
In summary, H. felis infection in cats was associated with lymphoid follicular hyperplasia and seroconversion. Gastritis was more extensive in infected cats, but was mild and was not associated with alterations in mRNA of antral IL-1␣, IL-1␤, and TNF-␣ or changes in the gastric-secretory axis. The development of substantial lymphoid follicular hyperplasia is relevant to the pathogenesis of gastric lymphoma in cats.
